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1. Introduction {#s0005}
===============

Coupled human-environment system (CHES) represents a complex, dynamic, interconnected, and integrated system in which humans and the natural environment interact with each other ([@bb0435]; [@bb0260]; [@bb0125]). In recent centuries, humans have been remarkably intervening with the environment to fulfill the demands of the growing population and rapid economic development ([@bb0285]). Such a plethora of anthropogenic interventions poses long-term repercussions i.e., extreme climatic events and other natural calamities, food and water scarcity, increased exposure to infectious diseases, population displacement, etc. on the human society ([@bb0285]; [@bb0125]). Therefore, understanding the complex CHES is important for recognizing and addressing the vulnerability of the situation on human society, and natural ecosystems amid any local or global crisis ([@bb0435]).

The world today is dealing with a havoc crisis due to the pervasive outbreak of coronavirus disease 2019 (COVID-19). The vicious COVID-19 is an infectious disease caused by a new strain of pre-existing coronavirus ([@bb0400]) originating from Wuhan Province of China in December 2019, and spreading over 210 countries worldwide ([@bb0310]). As of May 13, 2020, the deadly virus has infected 4,223,047 people including 291,519 deaths globally ([@bb0110]). The number of deaths caused by COVID-19 has greatly surpassed the other known coronaviruses namely, severe acute respiratory syndrome coronavirus, SARS-CoV, and Middle East respiratory syndrome coronavirus, MERS-CoV ([@bb0250]), and exhibits a higher human to human transmissibility ([@bb0050]). The pandemic has posed a great threat to the global- public health and economic recession and is still ongoing ([@bb0030]; [@bb0460]). So far, no proven pharmaceutical treatment has been developed to combat the pandemic ([@bb0395]). Given its severe impact, the World Health Organization (WHO) has declared COVID-19 as a Public Health Emergency of International Concern on January 30, 2020.

As a preventive measure against the pandemic, the government authorities worldwide have implemented and adopted strict policy interventions to maintain social (physical) distancing to curtail the transmission of COVID-19. Almost one-quarter of the global population is now confined within their homes, experiencing several negative/ill impacts in terms of socio-economic and psychological well-being. On the contrary, there are several hidden benefits of the interventions on the environment or natural world. Therefore, it is imperative to understand and appreciate the mutually-affective relationship between human society and the natural environment amid the current crisis ([@bb0220]), and identify the priority areas for designing necessary action plans for a balanced state. Although, few studies have highlighted the impacts of COVID-19 and relevant policy actions on the environment and social aspects like economic and health consequences ([@bb0165]; [@bb0250]; [@bb0280]; [@bb0380]; [@bb0465]), the complexity of CHES amid the current crisis has not been well understood. Unpredictability and vulnerability of CHES require a case or situation-specific assessment to consider appropriate relationships of variables with a set of standardized methods ([@bb0320]; [@bb0435]). In this regard, our study attempted to understand the processes, responses, and feedbacks within the complex CHES amid the crisis through a conceptual model. Such models are valuable communication tools that represent the current knowledge of a system and illustrate its complex interactions in a simplified way ([@bb0145]; [@bb0180]). Conceptual models may thus assist in identifying the priority areas that require further research or monitoring and build a basis for discussion and planning ([@bb0355]).

The specific objectives of the study were to (i) perform a meta-analysis of existing literature reporting various impacts of COVID-19 on human society and the natural environment, and (ii) develop a conceptual model to illustrate and understand the complex nexus of CHES amid the pandemic. Our conceptual model could be helpful in clearly portraying the complex and coupled nature of the system amid the current crisis. And, thus aid in identifying the priority areas and intrigue the discussion for further planning towards mitigating the effects of the current- as well as similar crisis.

2. Materials and methods {#s0010}
========================

2.1. Data collection and analysis {#s0015}
---------------------------------

We performed a systematic review of peer-reviewed scientific articles on the impact of COVID-19 on human society and the natural environment worldwide written in English using the ISI Web of Science (WoS) -- Core Collection database published until April 30, 2020 (with an open initial date). A literature search was conducted using a combined search string with two topic fields. Search strings in the first topic field included different terms denoting COVID-19 outbreak, restrictions and their impacts ("COVID-19", 'coronavirus', "pandemic\*", "lockdown\*", "social distancing\*", "positive impact\*", "negative impact\*"). The second field represented the sub-components of CHES ("human\*", "environment\*", "wildlife\*", "biodiversity\*"). The asterisk (\*) used with the keywords allowed the flexibility in incorporating plurals (e.g., "impact" or "impacts") or alternative endings (e.g., "environment" or "environmental"). The search returned 354 unique articles (Fig. A.1). All the search returns were filtered through a careful scanning of the title, and abstracts of the peer-reviewed literature. Out of the 354 articles, only 72 studies focused on the various aspects of the COVID-19 pandemic. Of these 72 filtered articles, only 15 studies focused on the positive and negative impacts of COVID-19 on human society and the natural environment (Fig. A.1). Articles not relevant to the present study, e.g., studies describing new techniques to combat the pandemic, and/or studies focusing on the molecular level, transmission or pharmaceutical treatment, etc., were excluded. A list of the peer-reviewed scientific articles referred for model development is provided in Text A.1.

Due to limited peer-reviewed scientific literature on our subject of interest as returned by WoS search, we also considered grey literature (e.g., government documents) published (in the English language) by the Asian Development Bank (ADB), WHO, United Nations (UN), and other government policy briefs. Consideration of grey literature ensures comprehensive and representative inclusion of available research since much expert knowledge is informal and undocumented ([@bb0100]; [@bb0150]). In addition, we selectively mined relevant information (in English) that appeared in articles/news by reputed media (e-press and e-magazines) outlets namely, British Broadcasting Corporation (BBC), Cable News Network (CNN), DownToEarth, euronews., Financial Express, India Today, The Atlantic, The Economic Times, The Hindu, The Guardian, The Statesman, The Times of India, The Verge, and Evening Standard, published until May 01, 2020 (with an open initial date). Such media information plays an essential role in keeping the public informed about the recent happenings globally, and are considered to be authoritative and truthful ([@bb0160]). The list of grey and news/articles referred to in the present study for model development is provided in Text A.2.

2.2. Development of the conceptual model {#s0020}
----------------------------------------

The conceptual model was developed based on the information collected from the literature review, and the previous experience and expertise of the first author on model development --- 'Expert-based models' approach ([@bb0115]). This was followed by brainstorming amongst all the authors to improvise the model. During the entire process of model development, authors\' practical experiences and in-depth understanding of the context of ecological and environmental studies, and associated socio-economic factors were advantageous.

3. Results {#s0025}
==========

3.1. Various impacts of COVID-19 and lockdown/restrictions on CHES {#s0030}
------------------------------------------------------------------

The literature review revealed a suite of impacts (positive and/or negative) of COVID-19 and lockdown/restrictions on human society and the natural environment ([Table 1](#t0005){ref-type="table"} ). Lockdown/restrictions refer to the various combination of policies including social (physical) distancing, quarantine, etc. Results revealed the negative impact of COVID-19 and lockdown/restrictions on the various elements of human society including global public health, global economic recession, the shutdown of workplaces, unemployment/job insecurity, poverty, food & water insecurity, etc. On the contrary, lockdown/restrictions had positive impacts on the natural environment as reflected by cleaner- air & water quality, environmental noise reduction, flourishing/liberating biodiversity/wildlife, etc. ([Table 1](#t0005){ref-type="table"}).Table 1Various impacts of COVID-19 pandemic and its preventive interventions on human society and the natural environment as revealed through the literature reviewTable 1

Results also revealed simultaneous negative impacts of lockdown/restrictions on both human society and the natural environment. For instance, increased household & medical wastes, and the reduction in waste recycling due to COVID-19 & lockdown/restrictions had a negative impact on both human society and the environment. On the other hand, simultaneous positive impacts of lockdown/restrictions as reflected by reduced commercial/industrial/cultural wastes, reduced fuel consumption & environmental noise, etc. on both human society and the environment were also recorded ([Table 1](#t0005){ref-type="table"}).

3.2. Description of the conceptual model {#s0035}
----------------------------------------

The proposed conceptual model comprises of two modules, (i) drivers of change: COVID-19 (direct driver) and lockdown/restrictions (indirect driver), and (ii) our focal point: coupled human-environment system (CHES) ([Fig. 1](#f0005){ref-type="fig"} ). Drivers of change refer to the factors that directly or indirectly cause changes in nature and its components, anthropogenic assets, and good quality of life (IPBES, <https://ipbes.net/glossary/driver>). The conceptual model illustrates how the different elements of two sub-systems: human society and natural environment, interact with one another -- directly and/or indirectly, through forming a network of associations. The relationship between the elements of the two sub-systems are depicted by arrows, which also shows the direction of impacts, positive and/or negative ([Fig. 1](#f0005){ref-type="fig"}). For example, for the sub-system: human society, limited transportation had a positive impact in containing the disease, thus lowering infection & death. Similarly, limited transportation due to lockdown resulted in reduced fuel consumption, generating positive impacts on the sub-system: natural environment, characterized by reduced- air pollution (lower conc. of CO~2~, CO, NOx, PM2.5, PM10) and environmental noise leading to flourished biodiversity/wildlife.Fig. 1Conceptual model illustrating the complex nexus of the coupled human-environment system (CHES) amid COVID-19. Arrows represent the direction of impacts and feedback amongst the identified attributes within each sub-componentFig. 1

The conceptual model also displays two feedbacks -- (i) between the primary and secondary drivers i.e., COVID-19 and lockdown/restrictions, and, (ii) between COVID-19 and the health workers. To illustrate, the spread of the virus has mandated the implementation of lockdown inducing grief to human society worldwide, which on the other hand, had a positive impact on suppressing the pandemic. [Fig. 2](#f0010){ref-type="fig"} summarizes how the individual influences of the current crisis on both human society and the natural environment have impacted CHES interactions and its outcomes.Fig. 2Flow diagram to unfold the individual impact of the current crisis on both human society and natural environment amid COVID-19.Fig. 2

4. Discussion {#s0040}
=============

4.1. Understanding the complex interactions of CHES amid COVID-19 {#s0045}
-----------------------------------------------------------------

COVID-19 is considered as one of the worst pandemics in history which has further complicated the entire CHES. Lower adaptability of human society to various socio-environmental crises arises mainly due to the poor understanding of the complex and interconnected nature of the human-environment system ([@bb0095]). Hence, understanding the complexity of any system is pressing to avoid any environmental ensue on a regional or global scale ([@bb0340]). Conceptual models assist in envisioning the complex interactions in a simplified manner and recognize priority areas for the implementation of necessary management strategies. Our conceptual model explicitly illustrates the impacts of COVID-19 and lockdown/restriction -- directly or indirectly -- against the pandemic on the various elements of the intricate and coupled human-environment system and/or the feedbacks amongst them as described below:

### 4.1.1. COVID-19 and global public health {#s0050}

As depicted in the model, COVID-19 has a direct negative impact on human health owing to its high risk of infection and death. The fatal impact of COVID-19 on global human health has surpassed the number of infections and deaths caused by its ancestors and is still accelerating ([@bb0030]; [@bb0050]; [@bb0250]; [@bb0460]). [@bb0140] suggested that the pandemic may lead to half a billion deaths i.e., \~ 6% of the global population or more; likely due to the absence of a concrete approved treatment to combat the pandemic ([@bb0395]). The pandemic has led to the increased generation of tons of medical/healthcare wastes several folds compared to before the disease outbreak ([@bb0020]; [@bb0045]; [@bb0185]; [@bb0365]). As highlighted in the model, increased generation of medical wastes, in turn has led to unmanageable medical waste triggering other human health risks ([@bb0010]; [@bb0195]; [@bb0465]). For example, the health & sanitation workers, rag pickers, trash cleaners, etc. are at high risk of infection due to close contact with the patients and/or unmarked medical wastes such as discarded masks, gloves, etc. ([@bb0265]; [@bb0365]).

In addition, the model also depicts the existence of feedback between COVID-19 and health workers. For instance, while the health workers are at the front line of the pandemic outbreak, their exposure to the virus has put them at the risk of infection and death, coupled with other health risks such as fatigue, occupational burnout, psychological distress, etc. making them vulnerable to the current crisis. As of April 12, 2020, the WHO reported that the pandemic has already hit over 22,000 health workers across 52 countries ([@bb0405]). On the contrary, health workers stand as an important potential barrier to minimize the risk of COVID-19 infections and death as feedback and contribute largely to the well-being of the global public.

### 4.1.2. Lockdown and global economic recession {#s0055}

The pandemic has plunged the entire world into a looming global economic recession ([@bb0075]; [@bb0135]; [@bb0305]). As depicted in the model, the shutdown of industries, transportation, other workplaces, etc. due to the lockdown against COVID-19 has severely affected the workers leading to unemployment/job insecurity affecting their psychological resilience/mental well-being. Billions of poor people engaged in informal employment such as day labor, migrating workers, small-scale producers in the agricultural and non-agricultural sectors, etc. are facing severe repercussions of lockdown in terms of job & income losses. The International Monetary Fund (IMF) reported that the lockdowns have pushed the global economy to the brink faster and is more severe than the 2008 global financial crisis and the Great Depression in the 1930s ([@bb0290]; [@bb0360]). According to the UN Department of Economic and Social Affairs (DESA), the pandemic is disrupting global supply chains and international trade, and may shrink the global economy by almost 1% in 2020.

Factors contributing to the economic fallout includes the global stock market, banking and fintech, and major industries -- travel, hospitality, oil, sports, entertainment, mining, etc. ([@bb0235]; [@bb0305]). Such economic spillover has hit hard on unemployment and job insecurity ([@bb0200]; [@bb0290]), as millions of employees are facing the bleak prospect of losing their jobs as reported by the UN Department of Economic and Social Affairs. According to the Centre for Monitoring Indian Economy (CMIE), as of May 03, 2020, the COVID-19 crisis spiked the country\'s unemployment rate to 27.11%, which was under 7% before the pandemic outbreak in India. This has imparted a negative impact on the psychological resilience of human society ([@bb0245]; [@bb0325]; [@bb0450]).

### 4.1.3. Lockdown and poverty & food-crisis/insecurity {#s0060}

The model depicts a direct negative impact of lockdown on human society in terms of inducing poverty and food insecurity/crisis. However, the impact of lockdown on the poor and wealthy sections of society has been disparate. For instance, while the period of total lockdown has been easier for the rich and middle-class society to pull through with assured incomes, health insurance, adequate spaces at home to maintain physical distancing and running water supplies, daily sustenance of the weaker section of the society has been very miserable. Insecure sources of income for billions of poor people worldwide due to loss of jobs amid lockdown as discussed in [Section 4.1.2](#s0055){ref-type="sec"} have severely affected their livelihoods pushing them towards extreme poverty. In addition to the instability of food availability due to the disrupted supply chains of agricultural inputs and processing of food and other critical goods, the increased food prices have caused food insecurity for the economically weaker section of the society. Studies suggest severe food crisis/insecurity for the poor section of the society due to the prolonged lockdown ([@bb0275]; [@bb0330]). These people with low/no income amid lockdown are starving and are unable to afford their daily nutritional supplements to boost their immune system, making them more susceptible to the virus. This would further push the poor towards socio-economic bankruptcy, ultimately affecting their psychological well-being as portrayed in the model. According to an estimate by the UN, the number of people facing severe food insecurity as a result of the lockdown might double to 265 million people by the end of 2020 ([@bb0230]).

### 4.1.4. Lockdown/restrictions and limited transportation/movement {#s0065}

Our model highlights both positive and negative impacts of lockdown due to the limited- transportation and movement. The model depicts the positive impact of lockdown through limiting movement/transportation, thus ceasing all events -- social, political, sports, academic, and other gatherings (breeding grounds of the virus) to maintain social distancing and curtail the disease transmission as mandated by government authorities worldwide ([@bb0120]). More than 3.9 billion people or half of the world\'s population are currently under containment ([@bb0370]). Consequently, the lockdown has posed a negative impact on the psychological resilience of people ([@bb0170]; [@bb0245]; [@bb0325]; [@bb0450]). However, it is worth mentioning that homestay due to limited movement may likely bring a positive impact in terms of enhancing the family bonding.

As shown in the model, paralyzed transportation due to lockdown has negatively impacted the global economic recession. For instance, lockdown against COVID-19 has caused the shutdown of national borders in nearly 100 countries which have dropped air travel by 96% ([@bb0445]), causing a loss of US\$ 113 billion to the air travel industry ([@bb0015]). The tourism industry has also come to halt, causing 1% global economic contraction as reported by the UN ([@bb0425]). Similarly, the lockdown has also hit the railway industry in terms of financial loss as reported by Western Railways, Govt. of India ([@bb0410]). Limited transportation has also caused unemployment and job insecurity for people involved in the private transport sector, which would ultimately affect their psychological resilience.

On the contrary, our model indicates a positive effect of limited transportation/movement in reducing death/infection. Because higher mobility results in a higher risk of infection ([@bb0080]). Studies suggest that travel restrictions on the local scale had a marked effect in containing the disease spread on an international scale ([@bb0065]; [@bb0215]). Similarly, restricted congregations for cultural/religious events through the ban of mass social-cultural activities positively impacted on reducing the transmission, thus containing the disease outbreak. In addition, a worldwide halt of transportation due to lockdown has a high positive impact on the natural environment. For example, reduced fuel consumption due to halted transportation has reduced the consumption of fossil fuel by 60% ([@bb0035]) leading to reduced emission of greenhouse gases such as NOx, SOx, CO, CO~2~, and O~3~ (the ground-level ozone) ([@bb0040]; [@bb0105]; [@bb0175]; [@bb0280]; [@bb0310]; [@bb0385]). Also, restricted transportation has contributed to lowering the atmospheric concentration of particulate matters such as PM2.5, PM10 ([@bb0040]; [@bb0380]; [@bb0385]), overall imparting a positive impact on improving the air quality and enhanced visibility. For example, in some of the epicenters of COVID-19 such as Wuhan (China), Italy, Spain, and the USA, the lockdown has reduced the air pollution by 30% as per the National Aeronautics and Space Administration (NASA) and European Space Agency (ESA) ([@bb0280]). ESA also reported the changing density of harmful gases emitted due to fossil fuel burning ([@bb0060]). In addition, the carbon emissions in China, the epicenter of the COVID-19 pandemic, has dropped by \~25% over four weeks at the beginning of 2020 ([@bb0060]). In northern India, the residents now could view the Himalayan mountain range due to increased visibility, which otherwise has been concealed by pollution for \~30 years ([@bb0060]). The air quality index (AQI) in Delhi and NCR\'s, India, has reduced to 60, which otherwise scores an AQI of 600 during the smoggy winter months ([@bb0415]). While in Venice, Italy, restrained tourism industries have improved the water quality of winding canals ([@bb0060]). Moreover, paralyzed transportation has also plummeted environmental noise due to the slowdown of traffic ([@bb0130]; [@bb0375]). All these factors are likely to contribute to the flourishing and liberation of biodiversity and wildlife.

Our model also shows an indirect positive impact of improved air quality in containing the disease transmission and death. Air pollution is known to have a strong association with a high incidence of various respiratory infections ([@bb0070]; [@bb0390]; [@bb0470]), and higher mortality rates ([@bb0240]). Evidence shows high cases of COVID-19 in highly polluted areas of China, Italy, and the United States, the countries with higher cases ([@bb0315]).

### 4.1.5. Lockdown, waste generation, and other health risks {#s0070}

In addition to the impact of COVID-19 in terms of infection and death as discussed in [Section 4.1.1](#s0050){ref-type="sec"}, extended lockdown and stay-at-home regulations against the pandemic has associated human health risks such as weight gains due to sedentary lifestyle, psychological/behavioral changes, etc. ([@bb0255]) as also portrayed in the model. Besides, the restricted movement has led to an amplified generation of household wastes (both organic and inorganic) as a result of increased demand for home delivery of packaged food and other essentials ([@bb0465]). Waste recycling has come to a grinding halt in the USA and European countries to avoid the risk of contamination and transmission ([@bb0465]). Higher generation of such unmanaged household wastes in addition to medical wastes (as discussed in [Section 4.1.1](#s0050){ref-type="sec"}) has negatively impacted human health by polluting the natural environment in the long run ([@bb0465]).

### 4.1.6. Lockdown/restrictions and limited mass socio-cultural activities {#s0075}

Government authorities worldwide have restricted mass socio-cultural activities by restraining cultural/religious functions & congregations, and also other social gatherings ([@bb0120]). Our model depicts a positive impact of limited social gatherings due to lockdown in containing the disease transmission. Elsewise, unrestricted religious congregations are known to act as the 'super-spreaders' of COVID-19 infections as witnessed from the South Korea religious convenes ([@bb0155]), and the Tablighi Zamat Congregation in New Delhi, India ([@bb0190]), thereby posing substantial challenges in terms of public health ([@bb0270]). The model also shows a positive impact of limited mass social and religious activities by reducing the generation of cultural wastes including floral waste, idol immersion, and other activities. Studies suggest a positive contribution of limited social and economic activities on environmental pollution reduction ([@bb0105]). This otherwise, generates tones of solid waste especially in the countries with rich cultural values like India (Ganga Action Parivaar, Govt. of India, <https://www.gangaaction.org/actions/issues/solid-waste/>). All these activities are very likely to contribute to flourishing biodiversity/wildlife.

### 4.1.7. Lockdown and shutdown of workplaces {#s0080}

The shutdown of offices, business centers, industries, and other workplaces due to the pandemic ([@bb0280]; [@bb0330]) has both negative and positive impacts on the CHES as identified in the model. [@bb0300] suggested that 86% of industry members such as the growers, shippers, retailers have been reported to be affected due to the lockdown. This instigated a high negative impact through a looming global economic recession, leading to unemployment/job insecurity and lower psychological resilience.

On the contrary, the model also identifies the positive impact of the shutdown of workplaces on the natural environment. For example, reduced generation of industrial and commercial wastes contributed to the improvement of air quality, creating a similar situation like halted transportation as discussed in [Section 4.1.4](#s0065){ref-type="sec"}. In addition, the shutdown of the industrial sector that releases a huge quantity of pollutants has contributed to improving the air and water quality as identified in the model. For some years now, the River Ganga and Yamuna of India were considered amongst the most polluted water bodies. However, due to the lockdown, the rivers have been reported to appear cleaner and brighter owing to the temporary shutdown of the chemical industries; the major source of river pollution in India ([@bb0430]; [@bb0415]). All these factors are likely to contribute to enhancing the overall environmental quality and flourishing biodiversity/wildlife.

### 4.1.8. Lockdown and environmental noise reduction {#s0085}

Adoption of policy measures like lockdowns and social distancing worldwide have contributed to the reduction of environmental noise as shown in the model. Birdsongs in cities and urban areas have replaced horns and other traffic noises due to fewer cars, trains, buses, planes, etc. as a result of limited transportation and shutdown of construction works ([@bb0090]; [@bb0210]; [@bb0335]). In addition, reduced noise levels have brought in other benefits for the wildlife in terms of higher reproductive success, less migration, and lower mortality rates ([@bb0335]). Seismologists suggest that such noise reductions have resulted in less seismic noise, or vibrations in the Earth\'s crust by \~ one-third compared to pre-lockdown levels ([@bb0335]). Moreover, decreased noise in oceans due to halted cruises is likely to decrease the production of stress hormones in sea fauna ([@bb0210]). As shown in the model, humans are also likely to be beneficial given the harmful physical effect of chronic noise such as high stress, disrupted sleep, high blood pressure, cognitive impairment in children, hearing loss, heart disease, etc. ([@bb0335]).

### 4.1.9. Lockdown and biodiversity {#s0090}

Owing to the indirect positive impact of lockdown on the natural environment as discussed above, nature is reviving, thereby contributing to flourished wildlife and biodiversity as depicted in the model. Due to the improved water quality in rivers, many of the rare animals have been spotted in the places not seen earlier. For example, the Indian Gangetic dolphins (one of the four freshwater dolphin species in the world and is an IUCN endangered species) could be spotted more in Vikramshila Gangetic Dolphin Sanctuary, Bihar, India, as a result of limited human activity along the River Ganga due to lockdown ([@bb0205]). The presence of dolphins is a bio-indicator of a healthy river ecosystem ([@bb0205]) and hence, the lockdown in human society has turned to be a 'blessing in disguise' for the dolphins. Elsewise, degradation of water quality in Indian rivers due to dumping of municipal and industrial wastes is known to have a negative impact on human health and other aquatic fauna (Ganga Action Plan, Govt. of India, <https://www.gangaaction.org/actions/issues/solid-waste/>). [@bb0090] reported mass nesting of the endangered Olive Ridley sea turtles at Rushikulya rookery in Odisha, India due to the shutdown of touristic activities. In Thailand, restriction of fishing and touristic activities has favored the increased spawning of rare Leatherback sea turtles (a vulnerable IUCN species) ([@bb0420]). [@bb0025] reported that restricted transportation due to nationwide lockdown has led to flourishing bird diversity in Kolkata, India.

### 4.1.10. Lockdown/restrictions and Education & Research {#s0095}

Our model identified the negative impacts of lockdown on education. For instance, government authorities worldwide have mandated shutdown of academic sectors including schools, colleges, and universities in 166 countries to maintain social distancing to curtail the transmission ([@bb0075]). As a result, more than 1.52 billion students, and nearly 60.2 million teachers are no longer in the classroom ([@bb0440]), postponing and/or canceling of examinations and subsequent delay in graduating. Nevertheless, the lockdown of academic institutions has provided an opportunity and platform for digital education and online/e-learning. Yet, the negative impacts of lockdown on education is more overpowering on its positive aspect.

On the other hand, we identified both positive and negative impacts of lockdown on research. For instance, the lockdown has frozen many laboratories, and field-based research, thus halting the ongoing research and instigation of new research as well ([@bb0075]). Moreover, travel restrictions have canceled and/or postponed many national and international conferences, meetings, and research stays. Yet, the lockdown has also provided ample time for research and innovations ([@bb0310]), and to collaborate amongst the experts globally.

4.2. Uncertainties of COVID-19 on CHES and the health-wealth trade-off {#s0100}
----------------------------------------------------------------------

Given the complexity of CHES, the emergence of unprecedented uncertainties is inevitable for a pandemic like COVID-19 which was not evidenced in the last century ([@bb0455]). Uncertainties mainly arise due to limited current knowledge about the virus and how people across the globe modify their behaviors in response to the pandemic ([@bb0055]). Hence, uncertainty can accelerate fear, stress, panic, anxiousness and loss of trust amongst human society, making us powerless over the direction of life ([@bb0345]; [@bb0455]). In absence of the COVID-19 vaccine, it is uncertain if the virus will flare up as restriction gets relaxed; or, whether the lockdown & personal safety measures in addition to contact-tracing and testing, might be able to stamp it out. Over time, the ongoing restrictions due to the current crisis are likely to surge the uncertainty over the various elements of human society such as the economy, health, psychological well-being, etc. As discussed in [Section 4.1.1](#s0050){ref-type="sec"}, governmental intervention such as strict lockdown has potentially impeded the spreading of the virus saving billions of lives worldwide. However, this has come at the cost of doomed economy and income loss due to the shutdown of industry and transportation sectors, etc. as discussed in [Section 4.1.2](#s0055){ref-type="sec"}, creating a 'health--wealth trade-off'. In the opposite scenario, the relaxation of lockdown would involve a reverse trade-off where the economy recovers at the expense of an increased threat of mass contamination and death. It is therefore uncertain or unclear to decide the best policy measure yet as COVID-19 would take a toll either way. This scenario is likely to be worse especially in the developing countries due to the differences in population structure, fiscal capacity, healthcare capacity, higher prevalence of "hand-to-mouth" households, and the size of the informal sector ([@bb0005]). Herein, the quantification of trade-offs for a better understanding of the current crisis is urgent for the decision-makers to develop effective policy measures that account for different resource allocation strategies ([@bb0085]). Such quantitative analyses may also assist in understanding how the different policy response priorities to the current pandemic should differ in the developed and developing nations ([@bb0005]).

Another important instance worth mentioning amid the current crisis is the differential scenario of water security in the developed and developing world. Until the discovery of medicine or vaccine to control the disease, the WHO has recommended basic protection measures such as the frequent washing of hands and the use of face masks & hand gloves to curtail/spread the virus infection, in addition to maintaining social (physical) distancing. While frequent hand washing is well-practiced in the rich/developed societies/countries having better availability of safe water, millions of people especially in the poor countries/societies are highly susceptible to the virus due to the lack of safe water supply ([@bb0295]). However, in a world with the frequent outbreak of similar pandemics, it is uncertain if only the countries/communities with low/no access to safe water would be affected more. There is a high chance of water scarcity due to water overuse for domestic and hygiene-related practices to prevent or suppress the potential pandemics throughout the world irrespective of its economic stability ([@bb0225]; [@bb0350]).

The abatement of air pollution due to lockdown is another instance with high uncertainty. Although the emission of CO~2~ has reduced due to the lockdown/restrictions as discussed in [Section 4.1.4](#s0065){ref-type="sec"}, such short-term drops in gas emissions are likely to have very little impact on the overall CO~2~ concentration in the atmosphere given its relentless pile-up and longer residence in the atmosphere.

As mentioned in [Section 4.1.9](#s0090){ref-type="sec"}, flourished biodiversity due to governmental interventions has been one of the bright sides of the current crisis for the natural environment. However, it is uncertain if such liberation would be favorable for the wildlife in the long run. As wild animals venture into settlement areas and human-modified landscapes in search of food and resources, unexpected threats such as human-animal conflicts might arise. This may favor the poachers and opportunistic delinquents as the lockdown prevails, ultimately leading to conservation threats. In addition, the toll on the global economies might also reflect in reduced funding for wildlife conservation and management. Illegal encroachment of forested lands is also likely to arise when the forest officials split their time between regular duties and helping out with the COVID-19 situation. Another instance could be the risk for biodiversity and natural habitat by forcing poor people to adopt hunting and illicit lopping of trees for daily livelihood sustenance as a result of the loss of employment as mentioned in [Section 4.1.7](#s0080){ref-type="sec"}. In-depth and country-tailored assessment & quantification of such uncertainties through developing multiple scenarios for both the developed and developing nations is therefore important to better understand the long-term impacts of such crises on CHES. Future studies may consider quantifying the trade-offs and uncertainties of the current crisis on CHES to assist the decision-makers for better policy-making process.

Overall, our study demonstrates how the different policy actions i.e., lockdown, social-distancing, quarantine, etc. against COVID-19 has changed the way CHES interacts and influences each other. Although the crisis has instigated severe ill impacts on human society, it has proved to be a 'blessing in disguise' for the natural environment as discussed in [4.1.6](#s0075){ref-type="sec"}, [4.1.8](#s0085){ref-type="sec"}, [4.1.9](#s0090){ref-type="sec"}. Restricted/regulated anthropogenic interventions against COVID-19 have given rise to a better natural environment for which governments and scientists worldwide have been investing time and money for decades. On the contrary, the current situation urges for the adoption of preventive measures to mitigate ill effects faced by human society as discussed in [4.1.1](#s0050){ref-type="sec"}, [4.1.2](#s0055){ref-type="sec"}, [4.1.3](#s0060){ref-type="sec"}, [4.1.4](#s0065){ref-type="sec"}, [4.1.5](#s0070){ref-type="sec"}, [4.1.7](#s0080){ref-type="sec"}, [4.1.10](#s0095){ref-type="sec"}. However, the recent situation does not reflect sustainable earth, given the overpowering negative impact of the current crisis on human society. Thus, even if the natural environment is benefited due to the ongoing crisis, several uncertainties persist as discussed in [Section 4.2](#s0100){ref-type="sec"}. The situation is likely to reverse once the lockdown is withdrawn, and both the sub-systems would be affected -- the worst-case scenario. Over the centuries, humans have imposed dazzled pressure on nature and experienced its repercussions from time to time. Thus, in both cases, the benefits are short-term, which is likely to lead to a pessimistic future where both the sub-system of CHES is negatively affected. Thus, with a prolonged crisis, it is likely that the aspects of CHES would give rise to several trade-offs and many more uncertainties as discussed in [Section 4.2](#s0100){ref-type="sec"}. Our study, therefore recommends that new policies should aim to convert the short-term gains into long-term benefits, creating an optimistic post-coronavirus world, beneficial for both the sub-systems. Given the fact that the human sub-component of CHES is experiencing the worst impacts of the crisis, policy actions should primarily focus on mitigating the ill impacts faced by human society. In this regard, our model could help identify the priority areas to understand the vulnerability of the current situation. However, incorporating the perspective of the local stakeholders and policymakers is important while developing a conceptual model. This allows covering the gaps and variations in external political and economic forces on the regional and local environment, which is a limitation of the present study given the sensitivity of the current crisis.

5. Conclusion {#s0105}
=============

The COVID-19 crisis might be an 'eye-opener' for humanity. The current predicament reflects that nature has the potential to revive itself given that the anthropogenic interventions are checked. Therefore, it is high time to understand and appreciate the complexity of CHES and adopt appropriate measures towards tackling the current crisis while maintaining harmony with nature. The main purpose of the study was to propose a conceptual model to portray and address how the interaction of the existing elements of both sub-components of CHES -- human society and natural environment -- are impacted by the various governmental interventions i.e., lockdown, social distancing, quarantine, etc. towards combating the crisis. The merit of our model is that it comprises all possible elements of CHES and provides an explicit impression of complex CHES amid the crisis. The proposed conceptual model provides an insight into the intricate linkage of CHES and helps in understanding the complex nexus by identifying the route of short-term impacts of COVID-19 measures. Thus, our model may be considered as a baseline for further studies and may serve as a precursor towards building quantitative modeling. The model thus may aid in policymaking by identifying the priority areas for discussion and planning in similar crises as well. Future studies may focus on forecasting the long-term impacts of the current crisis through developing scenarios considering the different components of the CHES identified in the present study.

CRediT authorship contribution statement {#s0110}
========================================

**Priyanka Sarkar:** Conceptualization, Data curation; Formal analysis, Methodology, Model Development, Writing - original draft, review & editing. **Nirmal Debnath:** Conceptualization, Data curation, Formal analysis, Contribution in Model Development, Writing- Reviewing, and Editing. **Demsai Reang:** Data curation, Formal analysis, Contribution in Model Development, Writing- Reviewing, and Editing.

Declaration of competing interest
=================================

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper.

Appendix A. Supplementary data {#s0120}
==============================

Supplementary materialImage 1

The first author would like to acknowledge the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) and Brazilian Platform for Biodiversity and Ecosystem Services (BPBES) experts from the 'São Paulo School of Advanced Science (SPSAS) on Scenarios and Modelling on Biodiversity and Ecosystem Services to Support Human Well-Being' held in Sao Pedro, Brazil during July 1-14, 2019\' for providing with the training on developing conceptual model and scenarios.

Supplementary data to this article can be found online at <https://doi.org/10.1016/j.scitotenv.2020.141757>.
